Abstract. We study the high energy power-law tail emission of X-ray binaries (XRBs) by a bulk Comptonization process which usually observe in the very high soft VHS state of blackhole BH XRBs and the high soft HS state of neutron star (NS) and BH XRBs. Earlier, to generate the power-law tail in bulk Comptonization framework, a free-fall converging flow into BH or NS has been considered as a bulk region. In this work, for a bulk region we consider mainly an outflow geometry from the accretion disk which is bounded by a torus surrounding the compact object. We have a two choice for an outflow geometry i) collimated flow ii) conical flow of opening angle θ b and the axis is perpendicular to the disk. We also consider an azimuthal velocity of the torus fluids as a bulk motion where the fluids are rotating around the compact object (a torus flow). We find that the power-law tail can be generated in a torus flow with having large optical depth and bulk speed (> 0.75c), and in conical flow with θ b > ∼30 degree for a low value of Comptonizing medium temperature. Particularly, in conical flow the low opening angle is more favourable to generate the power-law tail in both state HS and VHS. We notice that when the outflow is collimated, then the emergent spectrum does not have power-law component for a low Comptonizing medium temperature.
Introduction
X-ray binares (XRBs) generally exhibit three spectral states, a) power-law dominated low intense hard (LH) state, b) blackbody dominated high intense soft (HS) state and c) intermediate state (IS) . XRBs frequently transit from one spectral state to other spectral state in sequence, like LH → IS → HS → IS → LH state. In black hole BH XRBs during a spectral transition from LH to HS, a very high intense power-law dominated (VHS) state is observed, which usually extends more than 200 keV without an exponential cut-off with photon index Γ > 2.4. VHS state is also termed as a steep power law (SPL) state. Generally, the SPL state occurs through an outburst and in the hardness intensity diagram (or Q-diagram), it is observed in upper-right region, where occasionally an episodic jet is observed (for review, see Belloni et al., 2011 , Done et al., 2007 , McClintock & Remillard, 2006 in particular, Debnath et al., 2008 , Dunn et al., 2010 , McClintock et al., 2009 , Nandi et al., 2012 , Pahari et al., 2014 . A high energy power-law tail is also observed in HS state of both BH and NS (neutron star) XRBs, which may be extended up to 200 keV or more with Γ > 2.0 (see, e.g., Joinet et al., 2005 , Motta et al., 2009 , Revnivtsev et al., 2014 , Titarchuk & Shaposhnikov, 2010 , Titarchuk et al., 2014 .
The power-law component in X-ray spectrum of XRBs generally explain by thermal Comptonization process, where the soft photons get upscattered by high energetic electrons, which have thermal velocity distribution (e.g., Kumar & Misra, 2016a) . However, to explain the high energy power-law tail by thermal Comptonization, the required electron medium temperature is ∼100 keV and the optical depth around unity (Parker, et al., 2016 , Titarchuk et al., 2014 . Mainly, three models are proposed for power-law tail in context of Comptonization, i) non-thermal Comptonization (Done & Kubota, 2006 , Kubota & Done, 2016 ii) hybrid Comptonization model (Coppi, 1999 , Gierlinski et al., 1999 iii) bulk Comptonization model (Farinelli et al., 2009 , Paizis et al., 2006 , Titarchuk et al., 1997 . In bulk Comptonization, the soft photons are upscattered by high energetic electrons, which have both thermal and bulk motions. For bulk region, Titarchuk et al. (1997) had considered a free-fall converging flow of spherically accreted plasma into BH (later, a bulk Comptonization model was also developed for NS with a similar free-fall bulk region, see, e.g., Farinelli et al., 2009 ). However, a spherically free-fall region into BH was first proposed by Chakrabarti & Titarch (1995) to examine the HS state in BH XRBs. An outflow is observed in both HS and SPL state in many source. In SPL state occasionally, an episodic relativistic jet outflow is observed. In HS state, a wind outflow is occurred in wide range of speed 0.01-0.03c and the wind launching radius decreases with increasing wind speed (e.g., Díaz Trigo & Boirin, 2016 , Miller et al., 2016 , Ponti et al., 2012 , Tombesi et al., 2012 , 2015 . In this work, our primarily motivation is to investigate the outflow geometries which can generate the high energy power-law tail. As it was earlier noticed that for spherically divergent type of outflow, the soft photons spectrum would be got only downscattered (see, e.g., Ghosh et al., 2010 , Laurent & Titarchuk, 2007 , Psaltis, 2001 , Titarchuk et al., 2012 . We use a Monte Carlo scheme for computing the bulk Comptonized spectra. We find that when the bulk region is due to a conical outflow (of speed greater than 0.4c) then the bulk Comptonized spectra have power-law component even for the low Comptonizing medium temperature. Although, such high speed wind (> 0.4c) is not yet observed.
Methodology & Emergent spectrum from outflow geometry
In bulk Comptonization process the average energy exchange per scattering for a monochromatic photon of energy E (Blandford & Payne, 1981a ,b, Titarchuk et al., 1997 ) is
E m e c 2 is for thermal Comptonization i.e., u b = 0, kT e is the Comptonizing medium temperature, u b is the bulk speed, τ is the optical depth of the scattering medium, m e is the rest mass of the electron and k is Boltzmann constant. For a sets of parameters, if the corresponding ∆E is same and the bulk direction is taken to be random (like the thermal motion) then the emergent spectra are similar for a given average scattering number N sc .
We compute the bulk Comptonized spectra by Monte Carlo (MC) methods with neglecting the general relativistic effects, and the algorithm for MC scheme is similar to Kumar & Misra (2016b) , Laurent & Titarchuk (1999) , Niedzwiecki & Zdziarski (2006) . Due to the bulk motion of the medium, the mean free path for photon is increased, e.g., in Table 1 , we have listed the variation of mean free path of photon with u b . We check the MC code results, by comparing the simulated bulk Comptonized spectra with thermal Comptonized spectra (u b =0). For example, for a bulk Comptonization parameter set (kT e = 2.0 and u b = 0.076 c) and a thermal comptonization parameter set (kT e = 3.0 keV and u b = 0), ∆E is same, and we find the emergent bulk comptonized spectra are similar to the thermal comptonized one either in case of single scattering or multiple scattering (see, for details, Kumar, 2017) . We also simulate the Wien peak spectra (i.e., N sc > 500) for these two sets and we find the corresponding Wien peak is sim- ilar, as shown by curve 1 in Fig. 1 . Here, One can loosely say that the equivalent thermal temperature for bulk parameter set (kT e = 2.0 and u b = 0.076 c) is 3.0 keV. In similar way, we assign the equivalent thermal temperature for bulk parameters kT e & u b (0.05 keV, 0.3c), (1.0 keV, 0.3c) and (2.0 keV, 0.3c) which are 14, 16, and 18 keV respectively (as shown in Fig. 1 ). We also confirm the consistency of MC results by comparing the existing results of Laurent & Titarchuk (2007) for a flat geometry. We consider a rectangular torus surrounding the compact object for studying the outflow motion. We assume, without loss of the generality, the torus exists above the equatorial plane of the disk, and the scattered photons are absorbed by the disk whenever it crosses the disk. The torus has width w (=10 km) and vertical height L (= 1 km), we consider the optical depth is in vertical direction, hence the electron density n e is τ Lσ T , where σ T is Thompson cross-section. We assume the soft photon emits vertically from the equatorial plane of the disk, which is a blackbody at temperature kT b . We fix a spherical polar global coordinate (r, θ, φ) at the compact object and we assign the bulk direction, locally, by (θ b , φ b ) in same global coordinate.
We consider two different possible outflow geometries, which originate at the equatorial plane of the accretion disk as shown in Fig.2 . a) a right circular conical outflow of opening angle θ b and the axis is perpendicular to the disk b) a collimated flow with angle θ b and in local coordinate the bulk direction at any scattering point is (θ b =constant, φ b =φ p ), where φ p is φ-angle of the scattering point P in global coordinate. We also consider a third possibility of a bulk motion, which is an essentially a collimated flow with θ b = 90 degree, and we take φ b in such a way, the bulk velocity corresponds to the azimuthal velocity of the torus fluids, so here the materials are not in the outflow but it rotates around the compact object and we termed as a torus flow. Further, we assume that the bulk directions vary vertically, i.e., θ b varies from 90 to 90+θ Meridional cut of a rectangular torus surrounding the compact object for studying an outflow motion. The upper panel is for a conical flow of opening angle θ b and axis is perpendicular to the equatorial plane. The shaded right circular conic region at scattering point P is for the probable bulk direction from the vertex of the cone P. The lower panel is for collimated flow, where the θ-angle of bulk direction (θ b ) is same anywhere and the bulk direction is away from the BH. Here, w is width of the torus and L is the height of the torus but both are not in a scale, and PQ is a bulk direction, which has θ b & φ b angle in local coordinate.
φ b fixes to φ p +90 degree.
The simulated bulk Comptonized spectra due to an outflow from the disk are shown in Fig. 3 . The emergent spectra for collimated flow has been shown in Fig.  3a . As expected, in case of curve 1 (θ b = 0 degree, outflow from the disk), the photons get downscattered since these photons are hitting outflows from behind. But in case of curve 2 (θ b = 180 degree, inflow towards the disk) the photon and electron experience a head-on collisions in first scattering, however after few scattering, photon tends to move in electron direction due to the high speed of the electron, mainly in electron's bulk direction (due to bulk dominated case, i.e., (u b /c) 2 ≫ 3kT e /(m e c 2 )), so again the photons are hitting outflows from behind and it gets downscattered. Janiuk et al. (2000) had also found the similar results, a multiple scattered inflow spectra would be softer in comparison to the single scattered spectra. We find that there are no high energies power-law tail in spectrum for given kT e = 3.0 keV, even for the extreme value of parameters, like u b = 0.85c and τ= 9, as shown by the curves 3.
The emergent spectra due to a conical flow have been presented in Fig. 3b . We consider two different cases for bulk direction in conical flow, in case I, the bulk directions are in any one of direction along the surface of the cone i.e., θ b = constant and φ b varies from 0 to 360 degree. In case II, the bulk directions are in any one of direction inside the conical region i.e., θ b varies from 0 to θ b , and φ b varies as the case I. The curves 1, 2, 3, 4 and 5 are for θ b = 20, 30, 140, 40 and 90 degree respectively for case I and the curve 6 is for case II with θ b = 90 degree. Here, we like to mention that θ b = 90 degree is not looks like a conical flow but for completeness we present the spectra. We observe that the spectrum is similar for the conical outflow and inflow with having same opening angle, which is shown by curves 3 and 4 in Fig. 3b . In both cases, we find that the photon index decreases with θ b and correspondingly the high energy cutoff (E cut ) of the spectra increases, and the spectra of case I are harder than case II. For example, in case I, Γ varies from ∼4. to ∼ 1.7 with varying θ b 20 to 90 degree respectively and corresponding E cut changes 20 to 200 keV (as shown in Fig. 3b) . Hence, to generate the observed high energy power-law tail, i.e., Γ > 2.4 and E cut > 200 keV, the bulk speed must be greater than 0.4c.
Unlike the collimated flow, the high energies powerlaw tail can be generated in a conical flow. As mentioned, for a collimated flow the bulk directions are fixed in each event (here, the event means a track of a photon inside the scattering medium), while in case of conical flow the bulk directions would be varied due to the variations of φ b . So the angle between photons and electrons will vary from 0 to θ b in each event. Hence the probability for getting a behind hit of outflow by photon decreases with θ b . Thence after certain lower value of θ b photons get upscattered, and which is around 30 degree. We notice that the high energies power-law tail (of observed Γ value) can be extended upto 200 keV only when θ b greater than 30 degree and u b > 0.4c. (see, for details, Kumar, 2017) .
In Fig. 3c , we presented the emergent bulk Comptonized spectra due to the azimuthal velocity of the torus fluid. We compute this spectra for two values of θ Fig. 3c ), u b should be larger than 0.75c (see, curve 5 in Fig. 3c) . Hence, the conical outflow with opening angle greater than ∼30 degree, and the rotating plasma around the compact objects with high speed (u b > 0.75c, & θ ′ b > 15) and large optical depth are a possible bulk region which can generate the power-law tail with observed range of Γ by bulk Comptonization process even at low medium temperature, while the collimated flow is not a plausible bulk region to generate the power-law tail at low medium temperature.
Summary and Discussion
The high energy power-law tail of HS state and the SPL state of BH XRBs can be generated by a bulk Comptonization process with having spherically free-fall bulk region into the compact object (see, e.g., Laurent & Titarchuk, 2011 , 1999 . Although, for a spherically divergent flow, these power-law tail can not be produced (e.g., Ghosh et al., 2010 , Laurent & Titarchuk, 2007 , Psaltis, 2001 ). However Titarchuk et al. (2012) had explained the powerlaw components of gamma-ray burst spectrum by the bulk Comptonization due to a subrelativistic outflow, but they considered a thermal motion dominated regime ((u b /c) 2 ≪ 3kT e /(m e c 2 )). Moreover, Gierlinski et al. (1999) emphasized that a bulk Comptonized spectra due to a free-fall bulk region can not be extended more than 200 keV (see, also, Revnivtsev et al., 2014 , Zdziarski et al., 2001 . In this work, we generate the high energy powerlaw tail in bulk Comptonized spectra by using a Monte Carlo scheme with considering an outflow from the disk as a bulk region, and these spectra can be extended more than 200 keV depending upon (mainly) the outflow speed.
For an outflow region, we consider a rectangular torus surrounding the compact object, and we assume that the soft photon source is inside the torus which emits vertically from the equatorial plane of the disk. We first consider a torus flow, where the fluid rotates around the compact object and its azimuthal velocity serves as a bulk motion, and so it is not an outflow type of geometry. Abramowicz et al. (1978) shown that an equilibrium perfect fluid torus can be presented at inner edge of the accretion flow (see, also, Abramowicz et al., 2006) , and the epicyclic mode of the torus can be a plausible mechanism to produce a observed high frequency QPOs (> 100 Hz) of blackhole X-ray binaries. Since the high frequency QPOs usually observe in SPL state, so we motivate to study with this question that for what situations the torus flow can generate the high energy power-law tail by bulk Comptonization process.
We find, the power-law tail can generate in case of the torus flow with high optical depth and large bulk speed, but here we assume an ad hoc variation in bulk direction, i.e., only in vertical direction, which may be happened due to the epicyclic mode, a consequence of the perturbation of the gravity of the compact object. But it should be incorporated in self-consistent manner, we intended to do in subsequent paper with general relativistic effect.
Next we consider two other outflow geometry, one is a collimated flow and other one is a right circular conical flow (of opening angle θ b and the axis is perpendicular to the disc). For a conical flow, two different bulk directions have been considered, in case I the bulk direction can be any one of direction along the surface of the cone, and in case II the bulk direction can be any one of direction inside the conical region. We find that the spectra for case I is harder than case II, and in both cases Γ decreases with θ b . For a collimated flow, the high energy power-law tail can not be generated, but in case of a conical flow, the power-law tail can be generated with opening angle θ b larger than ∼30 degree for a low Comptonizing medium temperature. We notice that in conical flow to generate the power-law tail for given photon index, the lower θ b has larger τ at given u b and it has high value of u b at given τ in comparison to higher θ b . The lower opening angle conical outflow is a plausible bulk region to produce the high energy powerlaw tail in both the spectral states HS and SPL for E cut < 1000 keV (see, for details, Kumar, 2017) . But, the bulk speed should be larger than 0.4c, and such high speed wind have not observed yet. If the high speed wind is occurred in X-ray emitting region, then this study may serve to study the outflow properties. Although, the high speed outflow is observed in jet flow, but it is generally believe that jet is a collimated flow not a conical flow. But, if the SPL spectra characterize by low medium temperature, it may have an implication to understand the some observed features of gammaray burst spectrum, or broad band blazar spectrum (e.g., Kushwaha et al., 2014) . However, we do not compare the emergent spectrum with observed spectrum, which we intended to do in a future work, also it is needed to find the physical mechanism for such a conical bulk flow which will constrain its physical parameters like bulk speed, the angular distribution and also the optical depth.
